In this article, the improvements on vibration isolation performance of hydraulic excavators are achieved via the optimization of powertrain mounting system. The powertrain is viewed as a rigid body and described by a 6-degree-of-freedom model. The rigid-flexible coupling model of hydraulic excavators is carried out based on software ADAMS, in which the influences from the mass and elastic deformation of base are considered. In the process of optimization for the powertrain mounting system, energy decoupling rate and vibration transmissibility are set to be the objective functions, while the stiffness coefficients in three directions of the mounting coordinate systems are chosen as the designed variables. With the given constrained conditions of these variables, nondominated sorting genetic algorithm II is employed to optimize the stiffness coefficients of suspension elements. The simulations for the rigid-flexible coupling model with the optimized mounting system show that the vibration isolation performances of hydraulic excavators are improved comparing with that with non-optimized powertrain mounting system.
Introduction
With the applicability to various types of situations, hydraulic excavators are widely used in civil and construction industries, which are about 1.6 million in China in 2015. 1 Due to the ever-increasing size and complexity of construction sites, the demand for the hydraulic excavators is expected to continue increasing in the near future. The control techniques of the vibrations and noises are very important for the performance improvement of hydraulic excavators. Serious vibrations of the hydraulic excavator will shorten the service life of powertrain, reduce the working efficiency and reliability. The looseness of engine base, the breakage of engine mounting bracket, and the leakage of hydraulic oil are common faults caused by the vibrations of a hydraulic excavator. Excessive vibrations will induce the high-level noises, which not only deteriorate the operating conditions of the equipment in hydraulic excavators, but also have the unhealthy impacts on the operators in the cabin. On the other hand, vibrations and noises of hydraulic excavators will decrease the energy efficiency and result in a huge waste resources and serious environmental pollutions.
Powertrain is one of the main resources of vibrations and noises for excavators, which is the primary system to investigate for vibration and noise reduction of excavators. The powertrain and the base are connected by the suspension elements (SEs) between them. In general, the mounting system has the effects of supporting, position limits, and vibration isolation. The powertrain is supported by the SEs with suitable distributions of the loads from its gravity and driving counter torque. With the non-steady excitations of operating conditions, the mounting system can control the motions of powertrain, prevent the collisions and interference with other components. Most importantly, the mounting system isolates the vibrations from powertrain to transmit to the base and cabin of excavators, which also depress the shocks and vibrations from the excitations of ground and braking to hurt the powertrain. Then, the design of the mounting system is critical for the control of vibrations to improve the performance of hydraulic excavators. It will determine the levels of vibrations and the comfort of operation for hydraulic excavators.
In recent years, the interests in designing the powertrain mounting system are mainly based on decoupling theories. [2] [3] [4] In most studies, the powertrain is modeled as a rigid body with 6-degree-of-freedom (DOF) model and one end of the SEs is assumed to connect with rigid or flexible bases. The designed targets are to restrict the natural frequencies of a powertrain to prescribed ranges, to maximize the mode energies in each decoupling coordinates, and to minimize the transmitted forces from engine to the base. Typical works in this aspect are reported in previous works. [5] [6] [7] [8] [9] [10] [11] Singh and colleagues [6] [7] [8] proposed analytical methods of decoupling automotive powertrain based on the concept of torque roll axis with the rigid or flexible base. Ashrafiuon 9 and Ashrafiuon and Nataraj 10 established the dynamic equations for a powertrain mounting system considering the flexibility of the ground and carry out optimization of an aircraft engine mount by minimizing the transmitted forces to the base. Similar to the work of Ashrafiuon 9 and Ashrafiuon and Nataraj, 10 Swanson et al. 11 developed the method aim to engineering applications. To depress the vibration for a city bus, El Hafidi et al. 12 used a 6-DOF model for powertrain mounting system and determined the optimal positions of engine mounts using the decoupling theories and minimized transmitted forces. Lee et al. 13 discussed the flexible chassis on the dynamic responses of a powertrain. However, few works are reported for the design and optimization of the powertrain mounting system in hydraulic excavators.
The contribution of this article is to develop a method to improve the vibration isolation performance of hydraulic excavators via the optimization of powertrain mounting system. The powertrain is also described as a rigid body with 6-DOF model. Considering the important influences of the mass and elastic deformation of base on the vibration isolation performance, the rigid-flexible coupling model of a hydraulic excavator is built by the software based on finite element method (FEM). The optimization procedure of the powertrain mounting system is given as follows. The stiffness coefficients in three directions of the mount coordinate system are chosen as the designed variables, and energy decoupling rates and vibration transmissibility are used as the objective functions. With the given constrained conditions of the designed variables, nondominated sorting genetic algorithm II (NSGA-II) 14 is employed to optimize the stiffness coefficients of SEs. The rigidflexible coupling model with the optimized powertrain mounting system is simulated to calculate the vibration isolation transmissibility (VIT) of the hydraulic excavator. Comparing with the hydraulic excavator with nonoptimized powertrain mounting system, the vibration isolation performances of the hydraulic excavator are improved within the working speed range.
Models for analysis of the vibration isolation performance of hydraulic excavators
The mathematical models for the motions of powertrain Figure 1 illustrates a 6-DOF model of the powertrain mounting system in hydraulic excavators. With the assumptions of small motions, the powertrain is modeled as a rigid body of time-invariant inertia matrix of dimension 6. 7 The powertrain is supported by four mounts on the base of hydraulic excavators, and the dynamic model of a mount element is given in Figure 2 . Each of mount elements is described by a set of three tri-axial spring elements, and the stiffness values are assumed to be insensitive and spectrally invariant to the excitation amplitudes. 15 The following coordinate systems are used to describe the motions of the powertrain mounting system: inertial coordinate (XYZ) and local mount coordinates (uvw) i , i = 1, . . . , n. The powertrain's inertial coordinate system is assumed to be consistent with that of the base of hydraulic excavators. The powertrain motions are decoupling to three translational displacements (x, y, z) and three angular displacements (u x , u y , u z ) with the center of gravity G 0 . Then, it can be defined by a generalized vector q = ½x, y, z, u x , u y , u z T . The Lagrange equation for the motions of powertrain can be given as follows
where E T is the kinetic energy, E V is the potential energy, E D denotes the dissipated energy, and F denotes the vector of the excited forces. The kinetic energy E T can be calculated as
where q = ½x, y, z, u x , u y , u z T , inertia matrix m is the equivalent mass of powertrain, I xx , I yy , I zz are the rotational inertia of powertrain around the x, y, z axials, and I xy , I xz , I yz are the moments of inertia of powertrain relative to the xy À , xz À , yzÀ planes, respectively.
Assume that there are n SEs with coordinates (x i , y i , z i ), i = 1, . . . , n in the powertrain mounting system, and the corresponding stiffness and damping coefficients are (k ui , k vi , k wi ), i = 1, . . . , n and (c ui , c vi , c wi ), i = 1, . . . , n relative to the mount coordinates (uvw), respectively. Let the (a ui , b ui , g ui ), (a vi , b vi , g vi ), and (a wi , b wi , g wi ) are the angles between the local coordinate u i , v i , w i and the inertial coordinates (XYZ), respectively. The potential energy E V can be computed as
where stiffness matrix K =
Because of the damping effect, the dissipated energy E D can be described as
where damping matrix C =
Substituting equations (2)- (4) into equation (1), the governing equation for the motions of powertrain is
where M is the mass matrix, C is the damping matrix, and K is the stiffness matrix. F denotes the vector of the excited forces. If no external force is employed to excite the powertrain, the following free vibration equation can be obtained by neglecting the damping
Based on ½K À v 2 ½M = 0 from equation (6), the natural frequencies v 1 , . . . , v n can be obtained and the solution of equation (6) can be given as
T , and A i is the modal corresponding to the natural frequency v i . This procedure can be implemented by substituting equation (7) into equation (6), and using the MATLAB function
Then, the kinetic energy on the kth generalized coordinate can be defined as
where v i is the ith natural frequency of the system, m kl is the element on kth row and lth column of the mass matrix M, (A i ) k and (A i ) l denote the kth and lth elements of the modal A i , respectively. The energy decoupling rate on the kth generalized coordinate can be given as
Finite element model for powertrain mounting system
The powertrain is one of the main sources of vibrations and noises of hydraulic excavators. To simulate the vibration isolation performance of hydraulic excavators, a dynamic analysis model of powertrain with the mounting system is carried out with the well-known commercial software SolidWorks and ADAMS based on FEM. After a simplified procedure for the complex structures, the powertrain model obtained in SolidWorks is given in Figure 3 , where the used parameters are shown in Table 1 . The coordinates of SEs in the inertial coordinate system (XYZ) are also given in Table 2 . The dynamic stiffness coefficients are used to calculate the natural characteristics of the mounting system. With the changes of amplitudes and frequencies of excitations, the dynamic stiffness coefficients will vary in different working conditions. The dynamic stiffness coefficients in Table 3 are chosen for the simulations of the powertrain mounting system in this article. The damping ratio is another parameter for the dynamic model of mount elements. Its variances will have little impacts on the changes of natural frequencies of SEs in mounting system. Then, constant damping ratios are considered in the dynamic model of mount elements. Specifically, the damping ratios of the SEs 1 and 2 are chosen as 0.12, while that of SEs 3 and 4 are 0.1. The mounting angles are set to be 45°for SEs 1 and 2 and 0°for SEs 3 and 4. 16 Using the Parosolid type of the three-dimensional model in SolidWorks, a FEM model can be generated by the software ADAMS (Figure 4 ). Neglecting the mass of SEs (relative to the mass of powertrain), only the principal compressive stiffness and damping are considered in the FEM model, in which the SEs are realized by the bushing forces. According to the coordinates in Table 2 , the Marker points are established and then the FEM model for simulations of dynamics of powertrain with four SEs is given in Figure 5 .
In our previous paper, 16 the natural frequencies of powertrain were compared based on the numerical calculations of equation (5) by MATLAB and simulations of the ADAMS model of powertrain mounting system. Only small errors exist in the results of natural frequencies and it declares the reliability of ADAMS model of the powertrain mounting system. Furthermore, dynamical response analysis in time and frequency domains is conducted to verify the vibration isolation performance of the mounting system to the powertrain of a hydraulic excavator.
Finite element model of the hydraulic excavator
The mass and elastic deformation of the base in hydraulic excavators will have important influences on the vibration isolation performances of the mounting system. Response analysis based on the ADAMS model of powertrain with a mounting system by neglecting these factors lead to underestimate or misestimate the effects of the mounting system. In this section, a FEM model for a hydraulic excavator is established to analyze the vibration isolation performance of the mounting system. The used parameters of the hydraulic excavator are provided by a manufacturer of hydraulic excavators. The simplified complex structures and the powertrain are assembled in the 3D model of the hydraulic excavator ( Figure 6 ). With the restrictions of the software ADAMS to flexibility of the complex components in the hydraulic excavator, ANSYS is employed to carry out the flexibility of the base. A MNF file of ANSYS will be exported and used to substitute the rigid body in ADAMS model to obtain the compliant base. The main procedure of flexibility contains the following steps: (1) importing the three-dimensional geometry models of components into ANSYS, and defining the material properties and the type of elements for simulations, (2) establishing the key points to define the kinematic pairs between the components, which can transform to be the marker points in software ADAMS, (3) generating the meshes of the components and key points, (4) establishing the area connected to the mounting elements by key points to be the rigid area, and (5) exporting the MNF file. The established rigid area is given in Figure 7 . The ADAMS model of the powertrain and the mounting system are integrated with the base, and the same coordinates of the mounting system are used to build the rigid-flexible coupling model for the entire hydraulic excavator with substituting the rigid components by MNF file from ANSYS ( Figure 8) .
Free vibration analysis of the rigid-flexible coupling model is conducted, and the natural frequencies and energy decoupling rates are obtained to verify the effectiveness of the model. The results are compared with that of the 6-DOF model of equation (5), which are shown in Tables 4 and 5 , respectively.
It can be found that the maximum errors of the natural frequencies in Table 4 are less than 0.7 Hz. The errors of energy decoupling rates in Table 5 are less than 5% mostly. However, the energy decoupling rates on the coordinate u y has the largest difference because of the serious coupling of powertrain and the base of hydraulic excavators. It can be concluded that the rigidflexible coupling model can reflect the influences of coupling and the effects of mass and elastic deformation of the base. This model will be employed to analyze the vibration isolation performance of the hydraulic excavator with non-optimized and optimized powertrain mounting system in the following section.
The improvement on vibration isolation performance of hydraulic excavators with optimized powertrain mounting system
In engineering measurement, VIT is often used to evaluate the vibration isolation performance of mounting systems, which is defined to be the ratio of the amplitudes of inputs and measured responses. It can be computed as
where v I is the frequency of inputs, v O is the natural frequency of the system, j is the damping ratio, and l where a driving is the mean square root of vibration acceleration signals of the driving part and a driven denotes that of the driven part. If the T dB is equal to 20 dB, it denotes the vibration acceleration of base (driven part) is decaying to be 1/10 of the vibration acceleration of powertrain (driving part). In general, the mounting system is assumed to satisfy the requirements for the vibration isolation, when T dB .20 dB. With the different exciting forces and frequencies on various operating speeds, mounting elements must have the satisfactory VITs on vibration isolation performance in the working speed range of the powertrain.
Vibration isolation performance with non-optimized powertrain mounting system
Within the working speed range (1000-2050 r/min) of the powertrain, equation (11) is employed to calculate the vertical VITs of four suspension components ( Figure 9 ). It can be seen from Figure 9 that the VITs of the SEs 2, 3, 4 are stabilized in the idle condition and all are larger than 20 dB. Although the VIT of SE 1 keeps steady at the high working speed (larger than 20 dB), however, it is smaller than 20 dB in the idle condition (1000 r/min). Overall, the mounting system in the hydraulic excavator has certain vibration isolation performance to block the transmissibility of the vibrations from the powertrain. However, other than its stabilization on the high working speed, the VIT of SE 1 does not satisfy the requirements of vibration isolation in the idle condition. It needs to be improved by optimization. In order to illustrate the effects of the optimized powertrain mounting system, the rigid-flexible coupling model of the hydraulic excavator (Figure 8 ) is used to analyze the vibration isolation performance of the mounting system in the idle condition. The 6-DOF model is also used to simulate the acceleration curves of the engine and base, which defines the base to be a rigid body. The acceleration curves of the powertrain and base on the SE 1 are obtained to investigate the effects of the mounting system. Because of the assumption of rigid body on the base, the acceleration of the base on the position SE 1 is 0, and then it is impossible to obtain the VITs of the mounting elements based on the 6-DOF model. It is noted in Figures 10 and 11 that the rigid-flexible coupling model-based acceleration curve of the engine on the position of SE 1 has the obvious attenuation on that base on the 6-DOF model.
Optimization procedure for the powertrain mounting system
To optimize the powertrain mounting system, the software ISIGHT integrated with MATLAB and ADAMS is used to implement the optimization process ( Figure 12 ). The stiffness coefficients of the mounting elements are set to be the designed variables; the constrained conditions are the limits of the ratios of natural frequencies and SE's stiffness coefficients. The energy decoupling rate and vibration transmissibility are considered to be the objectives; the vibration isolation performance can be improved via optimization by the following process in ISIGHT.
The designed variables. The designed variables are defined to be the stiffness coefficients of the SEs. Twelve designed variables are added into the compounds: Parameters in MATLAB, which can be given as follows
The objective functions. Two objective functions are established to implement the optimization process. The maximum energy decoupling rate on the six coordinates of the mounting system is assigned to be the first objective function
where T pi is the energy decoupling rate on the ith generalized coordinate from equation (9) and k i is the weighting factor. The x-axial torque is the main resource of the excitations of the engine; vibration transmissibility on the generalized coordinate u x is defined to be the second objective function
where T M is the vibration transmissibility on the generalized coordinate u x , t is the weighting factor, M 0 is the x-axial torque of the supported forces from the mounting elements, and M u x denotes the torque of the excitations of the engine.
The constraint conditions. In the manufacturing process of SEs, the shear-compression ratios of rubber material are often set to be
Moreover, the constrains of working conditions require that first natural frequency is larger than 5 Hz, and the highest natural frequency should be smaller than 35.35 Hz (from the vibration isolation theory, 17 the natural frequencies should be controlled to less than 1= ffiffi ffi 2 p of the exciting frequency 50 Hz to generate the effects of vibration isolation). The natural frequencies are constrained to the range in Table 6 and the gap of the natural frequencies is set to be larger than 1 Hz.
The optimization algorithm. The NSGA-II is an improved genetic algorithm for multi-objectives, which is suitable to obtain the solutions of multi-objective optimization problem.
14 The used parameters of NSGA-II are given in Table 7 .
The results of vibrations performance for the powertrain mounting system. The results of optimization for the powertrain mounting system such as the suspension stiffness coefficients, the natural frequencies and energy decoupling rates are given in Tables 8-10, respectively. From  Table 8 , the natural frequencies are all constrained into the proper range, which satisfy the requirements of the vibration isolation. After the process of optimization, the energy decoupling rates on the coordinates u x and Figure 12 . The optimization process of the mounting system. u z have increased up to 95.3% and 80.23%, respectively, while that on others are all larger than 80%. Although the energy decoupling rates on the coordinate z has decreased to some extent, energy decoupling rates on all coordinates satisfy the requirements of engineering applications. Figures 13 and 14 are the steady-state response curves of support forces of the suspensions and the vibration transmissibility before and after the optimization process, respectively. After the optimization process for the suspension system, the amplitudes of the steady-state responses of the mounting support force reduce greatly from that before the optimization process. On the other hand, the vibration transmissibility of the mounting system also decreases to 69% from 72% before the optimization procedure. The results show that the optimization procedure can improve the vibration isolation performance of the mounting system onto the powertrain.
Vibration isolation performance with optimized powertrain mounting system
New stiffness coefficients of SEs are obtained in Table 8 by the optimization procedure for the mounting system of powertrain. Using the obtained stiffness coefficients, the rigid-flexible coupling model is employed to simulate the dynamics of the hydraulic excavator. The natural frequencies (Hz) and the energy decoupling rates (%) are calculated and compared in Tables 11 and 12 , respectively. The natural frequencies of rigid-flexible coupling model satisfy the requirements of the vibration isolation. It can also be found that the energy decoupling rates on the coordinates u x and u z have increased apparently, while that on the coordinates Y, Z, u y decreases slightly. The phenomena can be explained by the coupling of the base and powertrain. The rigid-flexible coupling model with the optimized stiffness coefficients of suspension elements is also employed to calculate the vertical VITs of the suspension components. The simulations are conducted in time domain; the vertical VIT is computed according to equation (11) . It can be seen clearly in Figure 15 that vertical VITs are all larger than 20 dB. Especially, the vertical VIT of SE 1 after the optimization procedure is larger than 20 dB, while that of SE 1 before the procedure is smaller than 20 dB in the idle condition (1000 r/ min). Then, the vibration isolation performance with optimized powertrain mounting system is satisfactory within the working speed range (1000-2050 r/min) of the hydraulic excavator. The optimization of the mounting system improves the vibration isolation performance of the entire hydraulic excavator.
Conclusion
The improvements on vibration isolation performance of hydraulic excavators were conducted based on the optimization of powertrain mounting system. A 6-DOF model is used to describe the powertrain as a rigid body, and the rigid-flexible coupling model of a hydraulic excavator is built based on FEM with the considerations of the influences of the mass and elastic deformation of base. Energy decoupling rate and vibration transmissibility are the objective functions, while the stiffness coefficients in three directions of the coordinate systems of the mounts are chosen as the designed variables. With the constrained conditions for the designed variables, NSGA-II is employed to optimize the stiffness coefficients of SEs. After the procedure of optimization for the powertrain mounting system, optimized stiffness coefficients of SEs are used into the rigid-flexible coupling model to calculate the VITs of the hydraulic excavator. The results are compared with the hydraulic excavator with non-optimized powertrain mounting system. It can be concluded that the optimization of the mounting system can improve the vibration isolation performance of hydraulic excavators.
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